
NASA TN D-1407

TECHNICAL
D-1_07

NOTE

REACTOR-WEIGHT STUDY OF BERYLLIUM OXIDE, BERYLLIUM,

LITHIUM-7 HYDRIDE, AND WATER AS MODERATORS

WITH TUNGSTEN 184 STRUCTURAL MATERIAL

AND URANIUM DIOXIDE FUEL

By Robert E. Hyland

Lewis Research Center

Cleveland, Ohio

NATIONAL AERONAUTICS

WASHINGTON

AND SPACE ADMINISTRATION

September 1962





NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-l<i07

REACTOR-WEIGHT STUDY OF BERYLLIUM OXIDE_ BERYLLiUM_

LITHIUM-7 HYDRIDE_ AND WATER AS MODERATORS

WITH TUNGSTEN i$4 STRUCTURAL MATERIAL

AND URANiUMDIOXIDE FUEL

By Robert E. Hyland

SUMMARY

A series of criticality calculations using consistent PI equations

governing the neutron slowing-down process establishes minimum_eights

for bare, homogeneous, thermal reactors. The reactors employ enriched

uranium dioxide as the fuelj tungsten enriched with isotope i$4 as the

fuel-bearing and structural material, and the following moderators:

beryllium oxide, beryllimn_ lithium-7 hydride, and water.

Results for each moderator over a wide range of reactor cross-

sectional void area indicate that water and lithium-7 hydride moderated

reactors are the lightest with beryllium oxide moderated reactors the

heaviest. For a void area of i square foot, a vol_me ratio of urani_

dioxide to uranium dioxide plus tungsten of 0.30_ and SO0 pounds of tung-

sten 154 per square foot of void area_ the following reactor weights were

obtained: 4400 pounds with a beryllium oxide moderator_ 2600 pounds with

a beryllium moderator, and ii00 pounds with either a lithium-7 hydride or

a water moderator. The increases in minimum reactor weight per square

foot of void area for the above conditions are approximately: 1700

pounds for beryllimn oxide moderators_ 1400 pounds for beryllium moder-

ators, and 1000 pounds for either lithium-7 hydride or water moderators.

Additional results are presented for bare cores using 600 and i000 pounds

of tungsten 184 per square foot of void area.

For reactors moderated with water, variations in the fuel concentra-

tion and in the tungsten 18_ enrichment indicated that concentrations be-

tween 0.1S and O.ZO were most suitable for a range of void area from 0.2

to 4 square feet and that reducing the tungsten 18_ enrichment from i00

to 7S percent resulted in reactor weight increases of i0 to 27 percent

for void areas ranging from 5.5 to 0.5 square foot_ respectively.



INTRODUCTION

Studies to determine the potential of nuclear rockets for space mis-

sions require the analysis of many reactor concepts. These studies re-

quire parametric data on reactor weight and size over a wide range of

conditions to determine the best operating conditions for any particular

space mission.

The purpose of this report is to determine minimumreactor weights

for various bare, homogeneous, thermal reactors with high-temperature

capabilities having possible nuclear application for a range of reactor

flow areas up to !0 square feet. If acceptable values of reactor-exit

temperature, exit Mach number, exit- and core-pressure drop are used to

determine the mass velocity (i.e., the weight flow per unit flow area),

reactor power is a function either of reactor flow area or void area; it

is used as a function of the latter in this report. The reactor weights

are, therefore, shown as functions of the reactor cross-sectional void

area.

The present study is restricted to thermal reactors employing

beryllium oxide (BeO), beryllium (Be), lithium-7 hydride (Li7H), and

water [H20 ) as moderators with uranium dioxide (U02) as the fuel and

tungsten (W) enriched with tungsten 184 (W184) as the fuel-bearing and

structural material. Tungsten was selected because of its high-

temperature capability (m.p. of approx. 3410 ° C) and its compatibility

with hydrogen (H2) and UO 2. The weights, sizes, and uranium 238 (U235)

investments of bare-core reactors were determined as functions of void

area for the various moderator materials, and from these data minimum-

reactor-weight curves were obtained. The various moderator materials

were then compared on the basis of minimum reactor weight for a range of

void cross-sectional area.

In addition to void area, the weight of tungsten per square foot of

void area in the reactor is a parameter in the study. For the H20 moder-

ated cores, both the enrichment with W 18_ and the amount of uranium rela-

tive to tungsten are also varied. The corresponding effects on minimum

reactor weights were determined.
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SYMBOLS

reactor cross-sectional void area, sq ft

inelastic scattering parameter

geometric buckling
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Hc

h

J(u)

Keff
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R

Rc
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U

Vuo z

V(uo2+w)

W r

Ww

CL
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_L

_0

material buckling, lethargy dependent

core diameter, ft

neutron energy, ev

fraction of source neutrons in lethargy interval du about u

core height, ft

inelastic scattering spectrum

neutron current, lethargy dependent

static criticality factor

Boltzmann's constant

anisotropic slowing-down density

isotropic slowing-down density

ratio of moderator to fuel atoms

reactor radius, ft

neutron source due to fissions

moderator temperature

neutron lethargy

volume of uranium dioxide in reactor

volume of uranium dioxide plus tungsten in reactor

reactor weight, ib

weight of tungsten, ib

void fraction of reactor frontal area

quantity related to mean squared lethargy by 2_y = (u - u') 2

cosine of angle between initial and final directions of motion,

in laboratory system, of a neutron undergoing elastic scat-

tering collision

average cosine, in laboratory coordinates, for elastically

scattered neutrons



_i meanproduct of lethargy increase in collision times angle of scat-
tering

w average numberof neutrons produced per fission

_i average increase in lethargy per collision

p related to product of squared lethargy increase per collision times
angle of scattering

ZA macroscopic-neutron-absorption cross section, cm

ZES macroscopic-neutron-elastic scattering cross section, cm

ZF macroscopic-neutron-fission cross section, cm

Z!N macroscopic-neutron-inelastic-scattering cross section_ cm

ZT macroscopic-neutron-total cross section, cm

neutron flux

Subscript:

min min_num

Superscript:

' initial value_ highest energy or lethargy in group

PROCEDUREANDANALYSIS

The present study is restricted to thermal reactors in order to ob-
tain reasonable u_anium investments. The following materials were con-
sidered as moderators: BeO_Be_ LiTH, and H20. Tungsten was selected
as the fuel-bearing and structural material because of its high-
temperature capability (m.p. of approx. 5_i0° C) and compatibility with
U02 (ref. i) and H2. Becauseof the large neutron resonance integral
for tungsten (approx. 550 barns_ ca!cul_ted from resonance data in ref.
2)_ the isotopic separation and the use of isotopic mixtures containing
principally WIS_ with a low resonance capture integral (ref. S) are de-
sirable to obtain small thermal reactors. Separation of natural tungsten
to produce isotopic mixtures with high percentages of WI$_, and thus re-
duce resonance absorption, is feasible (ref. _). In most of the study_
the tungsten is assumedto be i00 percent wIS4; deviations from this
value are indicated by specifying the percent of WIS_ in the mixture.



The weights of tungsten per square foot of cross-sectional void area
Ww/Av selected were 600, 800, and i000 pounds; this range is based on
estimated heat-transfer surface area and tungsten-thickness requirements.
Reactor weights with the various moderators are comparedat each of the
aforementioned values of tungsten content.

Uranium dioxide, 9S percent enriched with U?SS, was selected as the

fuel. For most of the study, VUo2/V(uo2+w) was assumed constant at 0.50.

Lower values of this parameter were used in the parametric study on H20

moderated reactors to show the effect on reactor weight and urani_ in-

vestment.

The reactor void area (i.e., the flow area plus the moderator-

cooling area) was varied over a wide range for each moderator material

by a change in the reactor void fraction _ which is the ratio of void

cross-sectional area to total frontal area of the core. It should be

noted that void area is a meas<me of reactor power or thrust for a given

set of values of pressure, temperature_ and Mach number flow conditions

at the exit of the reactor. For a given mission the initial stage weight,

propellant flow rate, and specific impulse define the propellant weight

and tankage requirements. Powerplant component weights; which are either

direct or indirect functions of reactor size, flow area_ and flow condi-

tions, permit allowable determination of payload. Thus reactor void area

is a key criterion of reactor weight and is used as the basis for reactor-

weight comparisons. The values of void fraction herein range from 0.i0

to 0.60; a change in _ also produces a change in R_ the ratio of mod-
erator to fuel atoms.

The reactor criticality calculations were based on the materials

being homogeneously mixed with void, and a spherical geometry with no

reflectors was assmmed. The program used in the study was written at

the NASA Lewis Research Center for an IBM 704 with SO00-core storage.

The basic equations for the diffusion analysis are described in the para-

graphs that follow; a more detailed description can be found in refer-

ence 5.

The microscopic cross sections used in the program were obtained

from references 2 and 6 to 9. Equations (i) and (2) represent the basic

lethargy-dependent equations of the consistent PI approximations to the

Boltzmann transport equations for slowing-down neutrons:

Sm( )j(u)+ +
du

Keff
)®(u') + du'ZSN(u')¢(u')h(u' u)

(1)



1 [ dul o_(ul®(u) + - du = (z)

In addition to equations (i) and (2), two coupling equations are

needed to supply coupling between ¢(u) and Q(u) (eq. (3)) and J(u)

and P(u)(eq. (4)):

r(u) aQ(u)+ Q(u)--_l(U)zzs(u)®(u)
du

p(u)_ + P(u) --_l(u)Z_s(_)J(_)
du

(3)

(4)

Some of the terms in equations (3) and (4) are defined by the following:

_i - Y, 2_IY = _, _i -- t_--_(t)_ and 2_lp - t2_L(t)

where t is set equal to u - u'. The problem is defined when the

¢(u), Q(u), a source function S(u), and an inelastic scattering spectrum

h(u' _ u) are specified.

When the energy spectrum is started (i.e., u = O) above the source

spectrum, then ¢(0) = 0 and Q(0) = O. The source spectrum used for

the calculations in this report was a UZ35 fission spectrum; given as

.)]S(u) = 0.4S324 E xp - 0._65 slnh %/_.29 E (s)

/
where E is the neutron energy in millions of electron volts. If the

source function is normalized so that the integral of the source

S(u)du is equal to i, the static criticality factor Kef f becomes

Kerr : ,(U)ZF(U)®(u)du (s)

In this equation w(u) is the number of neutrons produced per fission

and ZF(U) the macroscopic neutron fission cross section.

Using the evaporation model discussed in reference !0 results in

the spectrum of the inelastically scattered neutrons in terms of energy:

h(E' _ E) _ const Ee -E/kT (v)



where i/kT can be represented as _ and a is a parameter vary-

ing with mass number.

Equations (i) to (7) and microscopic cross sections tabulated at

475 energies from i0 million electron volts to 0.025 electron volt were

used to determine the static criticality factor of i by adjusting values

of geometric buckling h_.

With the critical geometric buckling known_ various lengths were

applied for cylindrical reactors, and the diameter was determined from

the geometric buckling for cylinders:

The densities for all materials used are given in table I_ no void

was assumed. For the calculations in which the isotopic W 184 concentra-

tion is varied, the density used was that of natural tungsten listed in

the table.

In the aforementioned variation in W IS4 concentration, the values

of the isotopic abundances in mixtures were obtained from reference _

and the abundances used are in table II. Natural tungsten is listed for

the purpose of comparison. The mixtures are referred to in this report

by the W IS4 concentration expressed as a percentage of the total mixture.

RESULTS AND DISCUSSION

As described in the section PROCEDURE AND ANALYSIS, critical sizes_

reactor weights_ and uranium investments of bare_ homogeneous, thermal

reactors were determined for a range of reactor cross-sectional void area.

The study considered the following neutron moderators: BeO, Be, Li7H,

and H20. The fuel used was U02, fully enriched (95 percent) in U255.

Because of the basis used for comparing the reactor weights (viz._ a pre-

scribed amount of tungsten and fuel per unit void area) the use of bare

reactors would give a close approximation to the minimum weights. This

is true only when the weight of the moderator is a small portion of the

total weight and/or the reflecting material is approximately the same

weight per unit volume as the moderator it would replace. Of the moder-

ators selected, therefore_ only the weight of the BeO reactor might be

reduced a significant amount by the addition of a comparable reflector

of lower density such as Be.



For selected va_es of tungsten and U02 content, reactor weights
were plotted as functions of void area and minimum-reactor-weight curves
obtained. The tungsten content of the reactor per square foot of void
area was chosen to be 600, S00, and i000 pounds. Thesevalues are repre-
sentative of the tungsten content re,fired for reasonable reactor designs.
For the comparison of moderators the ratio VU02/V(uo2+w)was held con-
stant at 0.30. This corresponded to UO2 content in pounds per square foot
of void area of ISS, iY8_ and 222_ respectively, at the aforementioned
values of tungsten content.

Insofar as the volume percentages of the tungsten and uranium are
:functions of the cross-sectional void area_ they will change for various
values of _. Therefore, for a decrease in void area the weights of tung-
sten and _ani_n decrease in a mannernot proportional to volume and re-
sult in an incl_ease in moderator- to urani_un-atomratio R. This leads
to the result that minim_ reactor volume will not coincide with minimum
reactor weight for a given _.

In addition to the comparison of moderators on the basis of minimum
reactor weight_ the effects of WISA enrichment and uranium concentration
on reactor weight were examined for the H20moderated reactors.

Beryllium Oxide

_le weights and dimensions of the bare, homogeneousBeOmoderated
reactors as functions of reactor cross-sectional void area Av and void
fraction _ are shownin figure i. Figures l(a), (c), and (e) indicate
the reactor weight, and figures l(b)_ (d), and (f) present the corre-
sponding reactor dimensions, diameter Dc and height Hc.

In figure l(a) the void fraction was increased from 0.i0 to 0._0 to
produce the desired range of reactor void area. An increase in void area
at constant _ increases the reactor diameter (fig. !(b))_ increases
the reactor tungsten content for constant WW/Av_and thereby increases

the _anium content for constant VUo2/V(uo2+w)._The net effect of this
change is a decrease in the height of a critical reactor (fig. l(b)).
This decrease in height is primarily to compensatefor the decrease in
neutron leakage when the diameter is increased. The net effect is an
increase in reactor weight (fig. l(a)) with an increase in void area.

If each of the constant_ curves in figure l(a) were extended to
lower void areas, a point of minimumreactor weight for constant _ would
result; such is the case for _ = 0.i0. Minimumreactor weight for any



given flow area is of more merit; this quantity is given by the envelope
curve (solid line_ fig. l(a)) tangent to the curves of constant _. Thus
at any point_ or flow area_ on the minimum-weight-reactor curve (solid)_
an s-value can be found that yields a constant-_ curve tangent at that
point. No other _ would yield a lighter reactor at that particular
void area.

The min_aum-reactor-weight (Wr)min curves becomeessentially linear
at the higher void areas. This is not surprising, since the weights of
tungsten and uranium_ which constitute the major portion of reactor
weight_ are both proportional to void area. In figure l(c) the slope for
the (Wr)min curve indicates an average increase in (Wr)min, above 2
square feet of void area_ of about 1700 pounds per square foot. Further-
more_ a comparison of the (Wr) curves in figures l(a)_ (c)_ and (e)

min
showsan increase in (Wr)min of 25 to SOpercent for an increase in
Ww/Av from 600 to i000 pounds per square foot for the entire void-area
range.

Beryllium Moderated Reactors

The weights and sizes of bare, homogeneousBe moderated reactors
are plotted in figure 2 in an identical manner to that for the BeOre-
actors of figure i. The curve characteristics for the Be moderated re-
actors are similar to those shownfor BeO_and the sameexplanations
apply. The minimmnreactor weights are considerably lighter than for BeO
over the void-area range; this is evident in the section Comparisonof
Moderators on Basis of MinimumReactor Weight. The void fractions re-
quired for a given void area are essentially the samefor Be and BeO_as
are the reactor heights and diameters. Hence_the sizeable reduction in
reactor weights can be attributed directly to the lower material density
of Be_ rather than to a change in moderator volume. The slope of the
(Wr)min curve (fig. 2(c)) showsan increase in (Wr)min of about 1400
pounds per square foot of void area. An increase in Ww/Av from 600 to

i000 pounds per square foot results in an increase in (Wr)min of 40 to
50 percent_ a greater increase than for BeO.

Lithium-7 Hydride Moderated Reactors

The results for the Li7H moderated reactors_ using the samevalues

of Ww/Av and VUo2/V(uo2+w) as before, are shownin figure S. Since
the better moderating characteristics of LiTH provide smaller reactors_
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the void fractions must be increased to obtain a given void area. In
figures S(a), (c)_ and (e) extending the void fraction to 0.60 provided
flow areas up to 6 or S square feet as comparedto 14 or 16 square feet
with a void fraction of 0.40 in Be and BeO.

The minimum-weight LiVH reactors are considerably lighter than the
Be reactors over a commonvoid-area range. For a given flow area_ the
reactor diameter and length are smaller and the void fraction is larger,
and thus the moderator volume is muchsmaller. The density of Li7H is
considerably lower than that of Be_which further reduces the LiTH re-
actor weights.

In addition to the LiTH other hydrides such as zirconium hydride,
were considered. Their hydrogen-atom densities were not as high as that
of LiTH and resulted in larger_ heavier reactors. Someof the prelimi-
nary calculations placed the reactor weights in the range of the Be mod-
erated results.

The slope of the (Wr)min curve in figure 3(c) shows an increase in

(Wr)min of about i000 pounds per square foot of void area at a Ww/Av
of 800 pounds per square foot. An increase in Ww/Av from 600 to i000
poundsper square foot results in an increase in (Wr)min of about SS to

65 percent. A comparison of these increments indicates that the weight
of the Li7H moderator is the smallest portion of the total weight of the
reactor.

Water Moderated Reactors

Since the percentages of hydrogen in water and in Li7H are practi-
cally the sameand the densities of the two compoundsare also similar_
the reactor weights for these two materials would be expected to be ap-
prox_lately equal. On this basis, several calculations were madewith
the smneconditions as those used for the LiTH moderated reactors. The
calculations verified the fact that the reactor-weight curves as functions
of void area were about the s_ne. In the following section several of
these points appear on the LiTH curves to illustrate this point.

Comparisonof Moderators on Minim_um-Reactor-WeightBasis

The various moderators_ Be0_ Be_LiTH, and H20, are comparedin fig-
ure 4(a) on the basis of the previous minimum-reactor-weight curves for
values of Ww/Av and VU02/V(uo2+w) of 600 pounds per square foot and
0.30; respectively. The long-dashed line indicates extrapolation.

i0



As indicated !_yfigure 4(a) and in previous discussion the results
for a given void area are as follows: (i) the BeOmoderated reactors are
the heaviest; (2) the Be moderated reactors are considerably lighter than
Be0moderated reactors because of the lower moderator material density
(no appreciable change in moderator volume); (5) the Li7H and H20 reactors

are much lighter than the Be reactors because of reductions in both moder-
ator volume (small reactors with larger void fractions) and moderator
material density.

The rate of change of minimumreactor weight with flow area is given
by the slopes of the curves of figure 4_ which are also listed in the
following table:

Moderator

Water

Lithium-7 hydride

Beryllium

Beryllium oxide

Ratio of tungsten weight to
void area, Ww/Av_ib/sq ft

600 I 800 i000

Slopes of (Wr)min, ib/sq ft

800 i000

800 i000

ii00 1400

1500 1700

12SO

1600

1600

1850

Figure 6(a) indicates increases in (Wr)mi n of about 1500 pounds per

square foot of void area for BeO reactors, ii00 pounds per square foot

for Be moderated reactors, and 800 pounds per square foot for LiTH and

H20 reactors. The corresponding UO 8 investments increased by 178 pounds

per square foot of void area in each case for the values of WW/A v and

VU0£/V(u02+W ) used in figure 4(a).

Figure 4(b) shows a similar comparison of (Wr)mi n for the various

moderators at a Ww/A v of 800 pounds per square foot. The slopes indi-

cate an increase in (Wr)mi n above 2 square feet of void area of about

1700 pounds per square foot of void area for BeO, 1400 pounds per square

foot for Be, and i000 pounds per square foot for Lj7H and }{80 reactors.

For a _,j/Av of i000 pounds per square foot figure 4(c) shows an in-

crease in (Wr)mi n of approximately 18S0 pounds per square foot for BeO,

1600 pounds per square foot for Be; and 12S0 pounds per square foot for

Li7H and }{20 moderated reactors.
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For i square foot of reactor void area, which is approximately the
requirement for a lO00-megawatt nuclear-rocket reactor, the minimumre-
actor weights are from figure 4(b) are 4400 pounds for Be0_ 2600 pounds
for Be_ and ii00 pounds for Li7H and H20 moderators.

Parametric Study with Water Moderated Reactors

The use of water and Li7H resulted in lightweight reactors. Water

was selected for the parametric study because it seems to have certain

design advantages over Li7H. In particular_ the poor thermal and physical

properties of LiTH (ref. ii) indicate major problem areas in the use of

this material as a moderator. For this parametric study the value of

Ww/A v was held constant at 800 pounds per square foot. A criticality

factor of 1.05 was used instead of a factor of i to give a more realistic

weight. Any reactor would need a specified amount of excess reactivity

to allow for such items as negative temperature coefficients, overriding

and burnup. Values of VU02/V(uo2+w)__ ranging from 0.30 to 0.i0xenon_

were used, and the W184 concentration was varied parametrically. Since

tungsten fully enriched with WIS4 would be difficult to obtain_ more

readily obtained enrichments, 78 and 58 percent, were assumed. Table II

gives the tungsten composition for these enrichments. From the Li7H re-

sults a reactor height of 2 feet consistently resulted in minimum- or

near-minimum-weight reactors_ therefore_ a length of 2 feet was used for

the results shown in figure 5.

The effect of tungsten enrichment and void area on the weight of

bare, homogeneous H20 moderated reactors is shown in figure S(a). The

corresponding diameters and uranium investments are shown in figure 5(b).

The reactor weight increases (fig. 5(a)) with decreases in W IS4 per-

centage. The weight increase at I square foot of void area, compared to

i00 percent W 184, is about 18 and 36 percent for 78 and Z8 percent W 1S_,

respectively. The weight penalty is less at the larger void areas. For

nonhydrogeneous moderators_ the weight penalties would be greater because

more collisions are needed to slow down neutrons through the resonance-

absorption range.

The effect of VUo2/V(uo2+w ) on reactor weight is shown in fi_mtre

6(a). The corresponding reactor diameters and uranium investments are

shown in figure 6(b). A tungsten enrichment of 7S-percent W ISA was as-

sumed, and the value of VUo2/V(uo2+w) was varied from 0.I0 to 0.S0.

For a constant VUo2/V(uo2+w) of 0.i0 in figure 6(a) void areas be-

low approximately 1.5 square feet are unobtainable because of the

12



increased neutron absorption by the water and the reduced amount of U02
due to the reduction in void area. The attempt to reduce the void area,
therefore, results in a larger reactor (fig. 6(b)) to offset the increased
absorption by a decrease in neutron leakage. For a given void area an
increase in VUo2/V(uo2+w)would be expected to decrease reactor size
(fig. 6(b)) and thus reactor weight_ this does occur (fig. 6(a)) for val-
ues of VUOz/V(u02+W)up to 0.20. For a VU02/V(u02+W)of 0.30 the in-
crease in uranium weight more than offsets the decrease in moderator
weight with reactor size and causes an increase in reactor weight. This
reversal is particularly evident at the larger void areas. It is evident
from uranium investment (fig. 6(b)) and the curves of reactor weight (fig.
6(a)) that, for void areas larger than 1.5 square feet, a saving in fuel
investment can be madeby use of low values of VU02/V(u02+W)(i.e., 0.i0
to 0.15) without imposing a penalty in reactor weight.

At void areas below 1.5 square feet, values of VU02/V(uo2+w) in
the low range (viz., _ 0.i0) thus give large increases in reactor weight;
above 1.5 square feet, values of VU02/V(uo2+w)in the high range result
in high uranium investments. A value of 0.15 to 0.20 appears most suit-
able to the entire void-area range studied_ with a value of 0.i0 possible
for large void areas if the slight increase in reactor weight is permis-
sible.

SUMMARYOFRESULTS

Weights_ sizes, and uranium investments of bare, homogeneous,thermal
reactors were determined for a range of reactor void areas. The study
considered someof the best moderator materials, beryllium oxide, beryl-
lium_ lithium-7 hydride; and water] a fuel-bearing and structural material
of high-temperature capability, tungsten highly enriched with tungsten
184] and a highly refractory fuel material, uranium dioxide.

With these materials; criticality calculations for selected values
of tungsten and uranium dioxide content as well as a range of void frac-
tions yielded a family of curves of reactor weight as a function of void
area for each moderator. An envelope curve, tangent to the curves for
constant void fractionj defined the locus of points of minimumreactor
weight plotted against void area for each moderator. A comparison of
these minimum-reactor-weight curves for the various moderators, as well
as a closer study of the effects of tungsten 184 enrichment and the vol-
umeratio of uranium dioxide to uranium dioxide plus tungsten for the
water moderated reactors_ led to the following results:

i. For i square foot of void area (approximately the requirement for
a lO00-megawatt nuclear-rocket reactor), a uranium dioxide to uranium di-
oxide plus tungsten volume ratio of 0.30, 100-percent tungsten iS4
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enrichment, and 600 pounds or tungsten per square foot of void area_ the
bare-reactor minimumweights for the various moderators are: 4_00 pounds
with a %erylli_mt oxide moderator, Z600 poundswill a beryllium moderator,
and ii00 poundswith either a l_thimn-7 hydmide or a water moderator.

2. Comparingthe minimum-weight reactors over a range of void areas
for 600 poundsof tungsten per square foot of void area with i00 percent
tungsten 18_ and a volume ratio of uranium dioxide to uranium dioxide
plus tungsten of 0.50 results in the following: the reactor weight with
a beryll_um oxide moderator increases approximately 1500 pounds per square
foot of void area_ the weight with a beryllium moderator increases ap-
proxi_ately ii00 punds per s_uare foot of void area, and the weight with
either a l_thium hydride or a water moderator increases approximately 800
pounds per square foot of void area.

S. Whenthe amount of tungsten is increased from 600 to i000 pounds
per square foot of void area_ the following increases in minimumreactor
weights occur: the weight of beryllium oxide moderated reactors increases
approximately ZS to SOpercent, the weight of beryllium moderated reactors
increases approximately _0 to 50 percent_ and the weight of both !ithium-7
hyd_ide and water moderated reactors increases SS to 65 percent.

d. For the water moderated reactors with a uranium dioxide to utah-
Rundioxide plus tungsten volume ratio of 0.15 and a criticality factor
of 1.00, the tungsten enrichment with the tungsten 18_ isotope was varied
from i00 percent tungsten ISA to 58 percent tungsten 18A. At i square
foot of void area the minimumreactor weight increased approximately 18
and 36 percent when the _mgsten 18_ enrichment was decreased from i00
to 78 percent and from I00 to $8 percent, respectively. For larger void
areas this weight penalty is reduced.

S. For the water moderated reactors uranium dioxide to uranium di-
oxide plus tungsten the volume ratio was varied from 0._0 to 0.i0. At
void areas below 1.5 square feet, values of the volume ratio of uranium
d_oxide to tm_ani_ dioxide plus tungsten between 0.i0 and 0.15 mayresult
in large increases in reactor weight. Above 1.5 square feet, the higher
values of the volume ratio of uranium dioxide to uranium dioxide plus
tungsten result in increased uranium investments. A value of the uranium
dLoxide to uranium d£oxide plus tungsten volume ratio of 0.15 to 0.20
appeared most suitable for the void range studied, with a value of 0.i0
possible for h_gher void areas.

Lewis Research Center
National Aeronautics and SpaceAdministration

Cleveland, Ohio, June 21, 1962
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TABLEI. - MATERIALDENSITIES

Material

Beryllium

Beryllium oxide

Water

Lithium-7 hydride

Tungsten

Uranium dioxide

Atomic or molecular
density

0.1236×1024

.0728

.0335

.0621

.0632

.0223

TABLE II. - ISOTOPIC MIXTURES FOR ENRICHED

TUNGSTEN iS4=

Isotope

Tungsten 182

Tungsten 183

Tungsten 184

Tungsten 186

Tungsten l$4, percent

i00

0

0

i00

0

78 SS

5.4= 13.9

17 .i 27.6

78.4 57.9

I.I .6

Natural

tungsten

26.4=

14.&

50.6

28.4

16



%

co
o,J

0

q_

\

_o0

o.... _ _ _

j II

I

i1'I
I

co _ 0

\
\
\

\

+_

o

_8
0
>

o

(b
CO u_

I
, a

0

o

'T4 CS US

_ 0 _

0 _ 0 -_

qq O 4_ ,_
o _ _ 8

0 r_ @ 0

o ._ _
o

0 ,_ N

_ ._0

.. 24o

_ 0 0 ,_

• o_

17



18

co

I
I

/
!

!

/

I
I

r
J
I

/

$_ c°H

0 cO

I

|

I

X

\
\



_±0 ,t

?

to

"4

+J

©

2G

22

18

/

I

/
/

J/
/

,/

/

Void

fra_tlon,

O. 40

.i0

Minimum. reactorweight for any

given flow area

f

2 4 G 9 i0 12 ] 4 16

Cross-sectional void area, _z, sq ft

(c) Millimm_-i-ea:)tor-weight curves. Weight of tungsten per square foot of cross-sectlonal void area,

800 pounds.

Figure ]. - Continued. Weights and dimensions of bare, homogeneous berylliutm oxide moderated re-

actors as fun<'tions of reactor cross-sectional area a_d ._oid fraction. Volume ratio of urani<rm

dioxide to uranium dioxide flus tun?_tcn, 0.30; enric_mle_ts: tungsten ]84, ]00 percent, and

uranitun ZSS_ }S percent; static criticality factor, i.

19



co

_0

!

I

/
J

/

i

;
I

/

_s

%5 'oH

_%qHSaq a_o0

0 cO

!

I

0

-'S'; _
%

I

OLO0

d

I1'-,
_ i I
I I --

I1:

<o
H

,-t

X
I
I

I
I

\

_5

©
b

cO .H

0
.r-t

0
©

(0 r,3
I

6_
0

0

.4t

_a%a_Tp a£0O

0



_0

¥

h
O
4_

30XlO 3

26

22

18

14

i0

.....

/
/

/

/
/

/
Voidfraetio%

0.40.gS ----

.10
I/

8 I/ Minimum reactor ---

weight for any

_ / given flow area

/

2
0 2 4 6 8 i0 12 14

Cross-sectional void area, Av_ sq ft

(e) Minimum-reactor-weight curves. Weight of tungsten per square foot of cross-

sectional void area, 1000 pounds.

Figure i. - Continued. Weights and dimensions of bare_ homogeneous beryllium oxide

moderated reactors as functions of reactor cross-sectional area and void fraction.

Volume ratio of uranium dioxide to urani_l dioxide plus tungsten, 0.30; enrichments:

tungsten 184_ 100 percent, and uranium 255, 93 percent; static criticality uranium

dioxide factor, i.

21



/
i
I

/
I

!

/

I

I
I

/

,s
s S

%J "SH

0 ¢0

i I

/ °
CH

I
t

OLOO
_ _--

d

II'-,
j I
I I I

I '-I
I

\
I

\
I

\

_].3 _"0(I

_a%a_Tp a_oo

.r-i
o
b

0
o_--I

I
m
u)
0
%
o

8 o
4-} _

0

h {1}

•,-t _)
0 -0
_ m

©

o

m _

ul -,-t

o :_
%

r_

© °
•ct u3

_ o
•r-t _

Oa 0
%0
O0

4_ ,-_

_3

%

v

0

22



0

0
o.I

I

£
0

"_ +') d ,_ o._ r-t
0 o

44

<D 0.I <I?
,--t r-t

I I

b_o

o _ _---
4J

_ o o

4o

•r't @ ,r-I

I

I

I

l I
I l

I l

l

l

c_
o_ _i

_] 4m o

o .60©
h 0 .,-I+a

m b0

0 @ _-I "
_C_ 0 _ _
O[:::,-4_ 0

c_ -_ 0 o

--R r-J4_ %+_

P_

_ O_

+_ _5 -_ •

0 O0 _
b9 _ b o

cO ¢_ -_ b[] _ © ._
o 0 _+_ _

_J 0 0 _ bOO

+_ _

0 bl] 0 4m

CO _ r+_-r-I ©
0 • • 0 +_ © _

+a (D ,ct o_ (D ._ hO

@ 0 _ 0

o _ 0

co o _ ._

0 _ © 0 _

•r-i 0 4j 0

• D_

O

25



£
o

co

/
!

!

I

I

!

I

r

d
i

i

I

I

I
i

I
i

I

r

I

!

!
I
I
I

F
i

i

I

0 _0 I
°,°

0

/
II /
I

,I /

0 aD

l
|
I

|

I

\

%j _°(i

__%ou_Tp _o o

24



oa
o,I

o

•H 4a
O ©

q_

cO -@ 0

_q r-q ,q

0 tO

d _oa

,5

,..q

bS_
._1 0

_CH

h
o

+_ >

b0
(s

or-t %
•H O ,%

!

I

I
I
I
I
I

4j

C_

@

cG

O

>

c6

0

o
@

LO (r_

0
_q

0d o

25



cO

26

/

I

/

q.& _a H

cq-q_Taq a_o D

0 co

I

O

"_ d

I

OLO0
_OJ _ --

S

I I --
I
I

I I lI

],-II

/

\
\

%3 _0Q

co

o _

o_

J
0

co ._l
0
b

H

O

40
o
(D

!
o9
o9
O
h
O

O,3

O



\
%

_D
c_

\
\

\

\
\

0

_._ o_o

II'II
I

I J I

il'1

\

_o_ co ._ 0

4_

\
\

¢.D

4J

C_

4"

o

0

I

O

\.,

O
_d

0

O
%
()

O

4_
O
O

%

4_

4_

O

4_

b9

o

4_

L_
o _

%

_ N

_3

0
0

,x:l O

O •
0) ci

_._
t_4_
O _

g_

__

m N

O %
-,q _3

_ .,-I

I

_o

O

O ,,n

°._t

bO
_M

+_
c.

(D
r-_

ffl
hi?

+_

© •

• 0

00

b!) -,_

._-I
_ +_

.l:J

4_ o_

_7



co

/

I

/
/

j.

0 cO

1

0

I-t
|

I

I

\
\

OLO0

,---t

J I j-_I
I

I I I

I'lI

%

-0

_5
¢
0

c_

"d
cO ,.,H

0
p.

0
.,-I
40
o
©

i
o_

0

C)

0.1

0

%j _°(i

28



F
0

•d_O d
b- c_

cH

%&

oo_o

°I,°

o

I
I

i I
I
i I I I

I I

_o

o _ _
_o

_ o o

•,-t b
•r-t © -M

b_
0

v

co

to

J0

c_
0]

_J
@

qg
.,-I
o
b

o

©
®
_0
!

(o
L0
o

o_ cD

4

rd S-_

r_ d-_ _ 4s
ca _1 _ ©

® 0 coc_

o _ _.

o _ ._o
o ._ -_ ._ ¢}

5q r+d -_©
c6 _ 0

.H 5-

_ _o ..,

big

bgc6
O .q _q _D
_ 0 _0_

o o .H

_<_ -., © .,-I bO
b9 @ _ _oa

•,-I _ I 0

0 "_

• • 0 © _ ¢_
oo u] .H

b _ _ o _

.oo
_ © o

_o _

•H _g O_d @
O .H 0

i O _ _ 0 @

0 _1 .,q ,_d
d_ cq _ 0

® o bD_._

, _ _

-,q o _ _ _
_.M • _ o @

•M ._ boo 4m
_ o _ 0 _o

© @ © -_ bo
09

v bO_ _ 4m
-r-I

29



©

o

O

O

| I I I

Void

fractio%

0.60

-- .40

.25

.10

I

(D

h
0

--.25... ,"
4

dO _"

.10

J

J

f_

2 $ 6 8 i0

Cross-sectional void area_ Av_ sq ft

(b) Reactor dimensions. Weight of tungsten per square foot of cross-

sectional void area_ 600 pounds.

Figure 3. - Continued. Weights and dimensions of bare_ homogelJeous

lithium-7 hydride moderated reactors as functions of reactor cross-
sectional area and void fraction. Volume ratio of uranium dioxide to

uranium dioxide plus tungsten, 0.30; enrichments: tungsten 184, I00

percent_ and uranium 2S5_ 93 percent; static criticality fact orj i.

12

3O



_d

8

0

0

\

0
.q

0

h

00_0

0

IIi I

'1'I 'I

0 o

_ .r-t

0a

51



L

0
o

II \

I I

Void

fraction,

0.60

.40

.25

•i0

®

®

o
o

.f
--.2S .-"

i S

i.I0

2 4 6 8

Cross-sectional void area, Av, sq ft

(d) Reactor dimensions. Weight of tungsten ]:_ersquare foot

of cross-sectional void area, 800 pounds.

i0

Figure 5. - Continued. Weights and dimensions of bare, homo-

geneous lithium-7 hydride moderated reactors as functions of
reactor cross-sectionaJ area and void fraction. VoJume

ratio of uranium dioxide to u_anim_ dioxide plus tungsten,

O.S0] enric_hments: tungsten 184, i00 percent, and uranium

2SS, 96 percent] static criticality factor, i.

3Z



_ E
0
•H 0

._g _
O_

o.10
0

I' I
I

i I

j, I

I

I

_o__

_ 0 0

c_

o _
® .H

h0

co

-p

c_
o3

sO

©

rd

0

,-_

0
°_
4_
o
©

,_o co
I

':> _ @

_ 0

0 O0
o _ H H

_4
o *_ _ d_

0

o _ @ 0 -H

0 _ °

(: © rL) ' d)
o+_ _o

4 _ 0 _ d_ d-D
O u) "_

o g_o
_-_ H _ 4g .r-I
,sd us, _,_ -p

_: ,H 0 P_

• rd '_d, d-_

;> _ O co

U3 E; -r_

_4 _ q_ H O

_ • _ _

u_ © "H 00_
0 'd _ -_J

o

_ o :s_s _
,_ 0

0 ro ,0Ho _ Y
0 _ qd Hq

_ 4o -H

qT _"z/"t_"%tt_Ta£ .zo_o'eaE

55



_- 0

00_0

,°0°

0

II
I

/

!
!
!

/
/
I

cO

/
s

I

0 cO

I
|
t

t

t

\

kO
_M

%$ _0[3

c_

£
©

0

0

4)
o
©

i
Go

8
%

_ 0

0

0

o

c;
©
b')
i

O

c_

O

O
O

(D
£4

c_

bD

O

bD

©

O

.r4

_c_

0

c_

0

O
O
O

©

c_

54



N
o

2O

IG--

12

Moderator

o

Beryllium oxide --

Beryllium

Lithium-7 hydrides____

Water

Extrapolation

/
/

/

0 2

/
I

/

/
s-

/

/

J

/

I

J
f

/

f

/
/

/

J

6 8 i0

Cross-sectional void area, Av, sq ft

/

J

(a) Weight of tungsten per square foot of cross-sectional void area, 600 pounds.

14
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